Lymphatic vascular development is regulated by vascular endothelial growth factor receptor-3 (VEGFR-3), which is activated by its ligands VEGF-C and VEGF-D. Neuropilin-2 (NP2), known to be involved in neuronal development, has also been implicated to play a role in lymphangiogenesis. We aimed to elucidate the mechanism by which NP2 is involved in lymphatic endothelial cell signaling. By in vitro binding studies we found that both VEGF-C and VEGF-D interact with NP2, VEGF-C in a heparin-independent and VEGF-D in a heparin-dependent manner. We also mapped the domains of VEGF-C and NP2 required for their binding. 
Early development of the vascular system is dependent on the vascular endothelial growth factor (VEGF) family of ligands and their receptors. Deletion of VEGF receptor-3 (VEGFR-3) is embryonic lethal due to improper remodeling of the primary vascular plexus (1) . The formation of lymphatic vessels, which occurs later in development after formation of the cardiovascular system, is also dependent on VEGFR-3 activity (2, 3) . Missense mutations of the gene encoding VEGFR-3 that result in impaired signaling from the receptor can lead to hypoplasia of the lymphatic vasculature and to congenital lymphedema (4).
Activation of VEGFR-3 is dependent on binding of its ligands, VEGF-C and VEGF-D. Both factors are angiogenic and lymphangiogenic, and VEGF-C is critical for embryonic development (3, 5, 6) . The full-length human VEGF-C and VEGF-D proteins are 48% homologous and share a similar structure with a VEGF homology domain flanked by amino-terminal and carboxyterminal propetides. Upon secretion, the propeptides are enzymatically cleaved, resulting in the mature signaling molecules with increased affinities to both VEGFR-2 and VEGFR-3 (7, 8) .
In addition to VEGF receptors, several VEGF family members also interact with neuropilins. Neuropilins are transmembrane non-tyrosine kinase glycoproteins with a short cytoplasmic domain that has limited signaling capability. In the nervous system, neuropilins mediate axon retraction and guidance by binding class III semaphorins and interacting with members of the plexin receptor family, which act as the signal transducers (9) . In the vascular system, neuropilin-1 (NP1) is expressed in arteries (10) whereas NP2 expression is restricted to the lymphatic system and at low levels to veins (11, 12) . Along with class III semaphorins, NP1 also binds VEGF 165 , VEGF-B 167 , VEGF-B 186 , VEGF-C, and placenta growth factor-2 (PlGF-2) (13-16), whereas NP2 binds VEGF 165 , VEGF 145 , PlGF-2, and VEGF-C (17, 18) . NP1 was previously shown to enhance the interaction of VEGF 165 with VEGFR-2 and to promote endothelial cell proliferation and migration (13, 19) . While overexpression or deletion of NP1 in mice results in lethal neuronal and vascular defects (20 -22) , mice deficient for NP2 are viable, displaying mild neuronal abnormalities (23, 24) . In addition, NP2 null mice lack small lymphatic vessels and capillaries at birth, while larger lymphatic vessels, along with arteries and veins, remain intact (12) . This phenotype suggests that NP2 is required for proper early development of the lymphatic system, but the underlying molecular mechanisms are still unclear.
For the present studies, we wanted to assess the interaction of neuropilins with lymphangiogenic growth factors and their lymphatic endothelial-specific receptor VEGFR-3. By in vitro binding we found that both NP1 and NP2 bind VEGF-C and VEGF-D. We also analyzed the heparin dependency of as well as the domains involved in these interactions. Furthermore, we found that NP2 colocalizes to endocytic vesicles with VEGF-C or VEGF-D after stimulation of primary lymphatic endothelial cells, and observed the interaction of NP2 with VEGFR-3. Together, these results not only indicate that VEGF-C and VEGF-D may in part promote angiogenic signaling by interacting with NP1, but lymphangiogenesis could be modified by the interaction of NP2 with VEGF-C and VEGF-D along with their receptor, VEGFR-3.
MATERIALS AND METHODS

Proteins and antibodies
To produce human VEGF-C in Drosophila S2 cells, the pMTBiP-V5His-C vector was modified to include the hygromycin resistance gene from pCoHygro (both Invitrogen, Carlsbad, CA, USA). Into this resulting vector we cloned VEGF-C nucleotides 658 -996 (GenBank accession number X94216) preceded by the melittin signal peptide and followed by a hexahistidine tag. S2 cells were transfected using Effectene (Qiagen, Hilden, Germany). Selection was started 3 days post-transfection with 400 g/ml hygromycin and the medium was changed every 5 days for 3 wk, after which the supernatant was assayed for protein. For this, the cells were induced for 5 days with 0.5 mM CuSO 4 , and 15 l of the conditioned medium was run through 14% SDS-PAGE under reducing conditions. The proteins were identified by Western analysis using both pentahistidine antibody (Ab) (Qiagen) and the specific VEGF-C antiserum 882 (7). For medium scale production, cells were adapted to suspension culture, expanded to 1 l, and induced at a density of 4 ϫ 10 6 cells/ml. The supernatant was harvested 4.5 days postinduction, cleared by centrifugation, and dialyzed against 50 mM sodium phosphate/300 mM NaCl, pH 6. After dialysis the pH was adjusted to 8.0 by adding 3M Tris/HCl pH 10.5 and the supernatant was centrifuged at 15,000 g for 30 min to eliminate precipitate. Batch binding was performed adding 2 ml Ni 2ϩ NTA superflow resin (Qiagen), followed by gentle agitation for 12 h at ϩ4°C. The resin was loaded onto a column, washed with 20 mM imidazole, and eluted with a step gradient of 200 mM imidazole. The protein was dialyzed against PBS and sterilized using Millex-GV filters (Millipore, Billerica, MA, USA), then checked on silver-stained reducing SDS-PAGE gels and quantitated using the bicinchoninic acid protein assay (Pierce Biotechnology, Rockford, IL, USA). Activity was determined using a bioassay as described (2) .
Purified human VEGF 165 and VEGF-D as well as goat polyclonal antibodies against human VEGF-C and VEGF-D were purchased from R&D Systems (Minneapolis, MN, USA). Mouse monoclonal antibodies against human VEGFR-3, 9D9F9 and 2E11D11, were prepared as described (25) . Rabbit polyclonal antibodies against NP2 (H-300) and VEGFR-3 (C-20) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA), while the rabbit polyclonal antibody for EEA-1 was from Abcam (Cambridge, UK). Rat monoclonal (1121B) and rabbit polyclonal (RS-2) antibodies against VEGFR-2 have been described (26, 27) . AlexaFluor488 donkey antimouse, AlexaFluor594 donkey anti-rabbit, and AlexaFluor594 donkey anti-goat secondary antibodies were from Molecular Probes (Eugene, OR, USA).
Cells and cell culture
293T cells were maintained in Dulbecco's modified Eagle's medium (HaartBio, Helsinki, Finland) supplemented with 10% fetal calf serum (PromoCell, Heidelberg, Germany), 2 mM L-glutamine, and 0.2% penicillin/streptomycin sulfate (HaartBio). Human dermal microvascular endothelial cells (HDMVECs) were maintained in endothelial cell medium (both PromoCell) and used at passages 3-7. Porcine aortic endothelial (PAE) cells were kindly provided by Lena Claesson-Welsh (Uppsala University, Sweden) and cultured in F12 medium (HaartBio) supplemented as above.
PAE cells stably expressing VEGFR-3 (R3-PAE) were described previously (28) and maintained with 0.25 g/ml puromycin (Sigma-Aldrich, St. Louis, MO, USA). To establish PAE and R3-PAE cells stably expressing NP2, the pcDNA3.1z-NP2 plasmid described below was transfected into these cells using JetPEI (Qbiogene, Irvine, CA, USA). Selection antibiotics (NP2-PAE, 200 g/ml zeocin (Invitrogen); R3/NP2-PAE, 200 g/ml zeocin and 0.25 g/ml puromycin) were added to the media 48 h after transfection and the cells grown for 14 days, after which clones were picked. NP2 and VEGFR-3 expression was confirmed by Western analysis.
Expression plasmids
Expression plasmids encoding full-length human VEGF-C (29), human semaphorin 3F (SEMA3F) (30) and fulllength human VEGF-D (31) have been described. Expression plasmids coding for VEGF-C mutants were constructed by amplifying the VEGF-C cDNA with the primers 5Ј-GCGGATCCGACAGAAGAGACTATAAAA-3Ј and 5Ј-GCGGATCCTTAGCTCATTTGTGGTCTTTTCC-3Ј for VEGF-C⌬N and 5Ј-GGGATCCGTTCGAGTCCGGACTCG-3Ј and 5Ј-GCGGATCCTTAACGTCTAATAATGGAATG-3Ј for VEGF-C⌬C. Polymerase chain reaction (PCR) products were cloned in frame with the immunoglobulin (Ig) signal sequence to the BamHI site of the pMosaic vector (32) . The expression plasmid coding for VEGF-C⌬N⌬C was constructed by inserting the BamHI-restricted PCR product obtained with oliogonucleotide primers 5Ј-GGAATTCACAGAAGAGAC-TATAAA-3Ј and 5Ј-GCGGATCCTTAACGTCTAATAATG-GAA-3Ј into BamHI/EcoRV-opened pAdCMV (29) . The resulting vector was opened with HindIII, blunted with Klenow enzyme, digested with BglII, and the sequence coding for the signal peptide of human VEGF-C inserted as an Age-I(blunted)/BglII fragment obtained from DN VEGF-C (7).
The expression plasmid coding for human NP2 immunoglobulin has been described (18) . The cDNA encoding the extracellular domain of human NP1 was assembled by recombinant PCR from Integrated Molecular Analysis of Genomes and their Expression (IMAGE) Consortium cDNA clone 2958475 (Incyte Genomics, St. Louis, MO, USA) containing the sequences coding for the a1a2b1b2 domains and a cDNA fragment coding for the MAM domain obtained by RT-PCR of RNA extracted from HDMVECs with oligonucleotide primers 5Ј-CCTAGCTAGCCGCAACGATAAATGTGGCGATAC-3Ј and 5Ј-CCTGTGAGCTGGAAGTCATCACCTGTTCCACTGTG-GCAGTTGGCCTGGTCGTC-3Ј as well as 5Ј-GTGATGACGAC-CAGGCCAACTGCCACAGTGGAACAGGTGATGACT-TCCAGCTCACAG-3Ј and 5Ј-CCTGGATCCGCCAGGTCTGCT-GGTTTTGCAC-3Ј, respectively, using the underlined primers for the final recombinant PCR. The PCR product was cloned into NheI/BamHI-cut signal pIgplus vector (Ingenius/R&D Systems) in frame with sequences encoding the CD33 signal peptide and the Fc region of human IgG1. The plasmids coding for the Ig fusion proteins of different neuropilin domains were constructed by PCR amplification of the a1a2 domains with primers 5Ј-CCTAGCTAGCCGCAACGATAAAT-GTGGCGATAC-3Ј and 5Ј-CCTGGATCCGCGAAATCTTCTG-AGACACTGCTC-3Ј for NP1 and 5Ј-GCCAAGCTTCAACCAGA-CCCACCGTGC-3Ј and 5Ј-CCTAGCGGCCGCTGGCTCTTGG-TGGACCAGG-3Ј for NP2; b1b2 domains with primers 5Ј-GCCAAGCTTTGTATGGAAGCTCTGGGCATG-3Ј and 5Ј-GCGGATCCGCGGCTTCCACTTCACAGCCC-3Ј for NP1 and 5Ј-GCCAAGCTTCTAGAGAACTTTCAGTGCAATG-3Ј and 5Ј-GCGGATCCGCCTTGGAGTCTGTCCAGTCACAG-3Ј for NP2; a1a2b1b2 domains with the underlined primers above as well as MAM domains with 5Ј-GCCAAGCTTGGAACAGGT-GATGACTTCCAG-3Ј and 5Ј-CCTGGATCCGCCAGGTCTG-CTGGTTTTGCAC-3Ј for NP1 and 5Ј-GCCAAGCTTTTTGAG-GATGACAAAGATTTGCA-3Ј and 5Ј-GCGGATCCGC-AAAAGCCGAGATGGGTTCCAT-3Ј for NP2. The obtained PCR products were cloned into the signal pIgplus vector as above.
The expression vector encoding the full-length human NP2 a22 isoform (pcDNA3.1z-NP2) was assembled from IMAGE Consortium cDNA clones 1046499, 1564852, and 2728688 as well as the pcDNA3.1zϩ vector (Invitrogen) by restriction digest and recombinant PCR. The expression vector encoding the full-length human VEGFR-3 was constructed from the one already described (33) by replacing the pcDNA3.1zϩ backbone with pcDNA3.1hygro (both Invitrogen). For binding competition assays, metabolically labeled conditioned medium from 293T cells transfected with the fulllength VEGF-C construct was mixed with increasing amounts of unlabeled conditioned medium from 293T cells transfected with SEMA3F expression vector. The conditioned media were supplemented with 0.5% BSA, 0.02% Tween 20, 10 g/ml heparin and bound to NP1 Ig or NP2 Ig fusion proteins. Protein complexes were analyzed as above.
In vitro binding assays
Coprecipitation assays
293T cells were transiently transfected with pcDNAhygro-VEGFR-3 and pcDNAz-NP2 and cultured for 48 h. Lymphatic and blood vascular endothelial cells (LECs and BECs, respectively) were separated from mixed HDMVEC cultures as described previously (35) and grown to confluency on fibronectin (Sigma-Aldrich) -coated plates. Transfected 293T cells, LECs and BECs were serum-starved overnight and stimulated with 100 ng/ml VEGF-C for 10 min at 37°C. After stimulation the cells were rinsed with cold PBS and lysed on ice in PLCLB buffer (50 mM HEPES, pH 7.5, 1% Triton X-100, 5% glycerol, 1 mM EGTA, 150 mM NaCl, 1.5 mM MgCl 2 , 100 mM NaF) containing protease inhibitors (0.5 mM PMSF, 15 g/ml aprotinin, 10 g/ml leupeptin, 2 mM Na 3 VO 4 ). Equal amounts of protein were immunoprecipitated with anti-VEGFR-3 9D9F9 (3 g/sample; 293T) or C-20 (1 g/sample; LECs), 1121B (3 g/sample) and anti-NP2 H-300 (1 g/sample) antibodies in the presence of 0.5% BSA, 0.02% Tween 20 and pulled down with protein G-(9D9F9; 1121B) or protein A-(H-300; C-20) Sepharose. Sepharose beads were washed three times with binding buffer and once with PBS. Samples were electrophorized on 7.5% SDS-PAGE under reducing conditions and transferred to nitrocellulose membranes (Schleicher & Schuell Bioscience GmbH, Dassel, Germany). Immunoprecipitated proteins from 293T cells were detected with 9D9F9 and H-300 primary and horseradish peroxidase (HRP) -conjugated secondary antibodies (DakoCytomation, Glostrup, Denmark), and proteins from LEC and BEC lysates with C-20 or RS-2 and H-300 primary antibodies followed by biotinylated anti-rabbit Ab (DakoCytomation) and streptavidin-biotinylated HRP-conjugate (Amersham Biosciencies). Signals were visualized by chemoluminescence using SuperSignal West Femto Maximum Sensitivity Substrate (Pierce Biotechnology).
Cell stimulations and immunofluorescent staining
Approximately 50,000 HDMVECs or PAE cells were seeded in 24-well plates onto glass coverslips. For HDMVECs the coverslips were pretreated with 5 g/ml fibronectin in PBS. When nearly confluent, the cells were serum starved overnight, stimulated with 100 ng/ml VEGF-C, 500 ng/ml VEGF-D, or 100 ng/ml VEGF 165 for 15-30 min at 37°C, and fixed for 10 min at room temperature with 4% paraformaldehyde in PBS. The coverslips were washed three times with PBS for 5 min each, after which the cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min. After blocking with 2% BSA and 0.1% Triton X-100 in PBS for 20 -60 min, the coverslips were incubated with primary antibodies in blocking buffer (40 g/ml 2E11D11 (HDMECs) or 7.4 g/ml 9D9F9 (PAE cells) anti-VEGFR-3, 2 g/ml anti-NP2, 5 g/ml anti-EEA-1, 2 g/ml anti-VEGF-C, or 2 g/ml anti-VEGF-D) for 1 h and rinsed three times for 5 min with PBS. This was followed by incubation with secondary antibodies (6.6 g/ml each) in blocking buffer for 1 h. After washing, the coverslips were mounted on glass slides with VectaShield containing 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA) and examined using the Zeiss LSM 510 Meta confocal microscope. 405, 488 and 543 nM laser lines were used to analyze for DAPI, AlexaFluor488 and AlexaFluor594, respectively. All images were taken with a 63 ϫ Plan-Apochromat objective.
RESULTS
VEGF-C and VEGF-D bind to both neuropilins
To assess the interaction of VEGF-C and VEGF-D with neuropilins, we used conditioned media from cells transfected with plasmids encoding full-length VEGF-C or VEGF-D and soluble Ig fusion proteins of NP1 or NP2 in in vitro binding assays. As shown in Fig. 1B (top panel), both partially processed (29/31 kDa, arrow) and mature (21 kDa, arrowhead) forms of VEGF-C interacted with NP2, and these interactions were slightly enhanced by heparin. We also observed the binding of partially processed VEGF-C to NP1, but this was dependent on the presence of heparin (Fig. 1B) . Both NP1 and NP2 bound VEGF-D, but these interactions were limited to the partially processed form of this growth factor and were strictly heparin dependent (Fig.  1B, middle panel, arrow) .
VEGF-C domain interaction with neuropilins
To characterize the VEGF-C domains involved in neuropilin binding, we employed expression plasmids coding for VEGF-C lacking the amino-terminal (VEGF-C⌬N) or carboxy-terminal (VEGF-C⌬C) propeptide or both propeptides (VEGF-C⌬N⌬C) (schematic representation in Fig. 1A) . As expected, VEGF-C⌬N⌬C does not bind to NP1 whether in the presence or absence of heparin, but binds to NP2 independent of heparin ( Fig. 1C, top panel, arrowheads) . Whereas the deletion of the carboxy-terminus of VEGF-C does not significantly affect the neuropilin binding properties of VEGF-C, deletion of the amino-terminus abolishes NP1 binding and leads to a dramatic reduction of binding to NP2 (Fig. 1C, middle and bottom panels) . These results suggest that although the mature form of VEGF-C alone is capable of binding to NP2, the amino-terminus of VEGF-C greatly enhances its interaction with NP2 and is the major mediator of NP1 binding. Deletion of the VEGF-C carboxy-terminus leads to two likely differentially glycosylated or alternatively processed forms of VEGF-C (Fig. 1C, lower panel) .
Neuropilins bind VEGF-C through their b1b2 domains
Neuropilins consist of two a domains (CUB domains), two b domains (coagulation factor V/VIII homology domains), and a c domain (MAM domain), followed by a transmembrane and a short intracellular domain (schematic representation in Fig. 2A) . It was reported that NP1 binds VEGF 165 and PlGF-2 as well as heparin through its b1b2 domains, whereas neither of these domains alone nor the b1 domain in combination with the a1a2 domains is able to bind VEGF 165 (36, 37) . To determine which domains of NP1 and NP2 are responsible for VEGF-C binding, we made expression constructs coding for soluble Ig fusion proteins of the a1a2, b1b2, a1a2b1b2, and c domains of NP1 and NP2 (schematic presentation in Fig. 2A ). All constructs produced Ig fusion proteins of expected size and approximately equal expression levels, as did constructs coding for the Ig fusion proteins containing the entire extracellular domains of the two receptors (Fig. 2B) . The b1b2 domains of both NP1 and NP2 were sufficient to bind VEGF-C (Fig. 2C, upper panels) . VEGF-C binding to NP1, either to the whole extracellular domain or to the b1b2 or a1a2b1b2 domains, was dependent on heparin (Fig. 2C, upper left panel) . On the contrary, whereas binding of VEGF-C to the b1b2 domains of NP2 was dependent on heparin, supplementation with the other neuropilin domains abolished the requirement for heparin, but its addition still slightly increased the binding (Fig. 2C, upper right  panel) . In agreement with previous publications, the b1b2 domains of NP1 were sufficient for binding to VEGF 165 , and the binding was slightly increased by addition of 10 g/ml heparin (Fig. 2C, lower left  panel) . Binding of VEGF 165 to NP2, on the contrary, depended strictly on the presence of heparin (Fig. 2C , lower right panel).
Neuropilin interaction with class III semaphorins, including semaphorin 3F (SEMA3F), is partially mediated by their b1b2 domains (37-39). Using increasing amounts of unlabeled conditioned media from cells transfected with a SEMA3F expression vector, we found that SEMA3F could compete with metabolically labeled VEGF-C for the binding to NP1-Ig and NP2-Ig fusion proteins (Fig. 2D ). This suggests that SEMA3F and VEGF-C interact with neuropilins through overlapping binding sites.
NP2 colocalizes with VEGF-C and VEGF-D in stimulated lymphatic endothelial cells
HDMVECs include both blood and lymphatic endothelial cells (BECs and LECs, respectively). When maintained in serum-free conditions, HDMVECs display expression of VEGFR-3 and NP2 on the plasma membrane (Fig. 3A) . Expression of VEGFR-3 is significantly higher on LECs than BECs (Fig. 3A) , and can be used as a marker to distinguish the two cell types (35) . Cell surface expression of NP2 also appeared slightly higher on LECs than BECs (Fig. 3A) . To provide evidence of the interaction between lymphangiogenic ligands and NP2 in a cellular context, HDMVECs were stimulated with VEGF-C or VEGF-D, then fixed and stained. Receptors are often internalized upon ligand binding, after which they are recycled to the cell surface or transported to the lysosomal compartment and de- graded. Visualization of receptor internalization therefore provides a read-out of ligand receptor signaling activity. As shown in Fig. 3B and C, VEGF-C and -D were internalized and colocalized with NP2 to endocytic vesicles, suggesting that the interaction of these ligands with NP2 is maintained within the cell and composes an active signaling complex.
Interaction of NP2 and VEGFR-3
Neuropilins have a short cytoplasmic domain, and signaling largely occurs through associations with other receptors. We therefore wanted to determine whether an interaction occurs between NP2 and VEGFR-3. For these studies we used transfected 293T cells and purified LEC cultures. After transfection with expression vectors encoding the two receptors, 293T cells were stimulated with VEGF-C or control protein, then lysed. Immunoprecipitation followed by Western analysis showed a ligand-independent interaction of NP2 with VEGFR-3 in transfected cells (Fig. 4A) . Interaction between NP2 and VEGFR-3 was also observed in isolated LEC cultures endogenously expressing these two receptors, as shown by immunoprecipitation for either NP2 or VEGFR-3 followed by Western blot (Fig. 4B) . On the other hand, we were unable to detect coprecipitation of NP2 with VEGFR-2 from lysates of isolated LEC or BEC cultures (Fig. 4C and data not shown) .
VEGF-C-and VEGF-D-induced internalization of VEGFR-3 and NP2
To verify results from the immunoprecipitation studies and further assess for an association between endogenous NP2 and VEGFR-3 in endothelial cells, HDMVECs were stimulated with different growth factors, then fixed and stained for the two receptors. VEGFR-3 and NP2 were internalized and colocalized to endocytic structures upon stimulation with VEGF-C or VEGF-D (Fig. 5B, C) . Although we observed the interaction of VEGF 165 with NP2 by in vitro binding assay, there was no clear change in NP2 localization after stimulation of LECs with that ligand (Fig. 5D ). VEGFR-3 also colocalized with the early endosome marker EEA-1 in VEGF-C or VEGF-D stimulated HDMVECs, confirming that the receptors are indeed internalized to endocytic vesicles and not clustered on the cell surface (Fig. 6A-C) . These results indicate that, in LECs, an association is maintained between NP2 and VEGFR-3 after binding of lymphangiogenic ligands.
VEGF-C-induced internalization of NP2 and VEGFR-3 is dependent on VEGFR-3
Activation of cell signaling often coincides with receptor-mediated endocytosis (40) . Our observations with LECs suggested that this process was also involved in VEGF-C and VEGF-D mediated signaling through VEGFR-3 and NP2. Furthermore, this mechanism was recently shown to coordinate cell migration by the intracellular localization of receptor tyrosine kinase activity (41) . As NP1 can enhance VEGF 165 -induced endothelial cell migration (13, 42) , we hypothesized that NP2 may have a similar function in part by modulating ligandinduced VEGFR-3 endocytosis. To determine if internalization is dependent on one or the other receptors, we used PAE cells expressing either VEGFR-3 or NP2 or both receptors together. While VEGF-C induced the internalization of VEGFR-3 in PAE cells expressing that receptor alone (Fig. 7A) , VEGF-C did not induce internalization of NP2 in the NP2-expressing PAE cells (Fig. 7B) . However, NP2 was internalized when expressed together with VEGFR-3 (Fig. 7C) . These results indicate that VEGF-Cinduced receptor endocytosis is dependent on VEGFR-3 rather than on NP2. Transfections were performed in duplicate. Cells were stimulated with VEGF-C (ϩ) or control protein (-) for 10 min, then lysed. Equal amounts of protein from cell lysates were immunoprecipitated using antibodies against VEGFR-3 or NP2, then separated by 7.5% SDS-PAGE under reducing conditions and transferred to nitrocellulose. Western analysis was performed with anti-VEGFR-3 or NP2 antibodies as indicated. B, C) Purified LEC or BEC cultures were stimulated with VEGF-C (ϩ) or control protein (-) and lysed. Equal amounts of protein were subjected to immunoprecipitation using antibodies against NP2 and either VEGFR-3 (B) or VEGFR-2 (C) and Western analysis as described above. The three VEGFR-3 bands represent the full-length, an intracellular, nonglycosylated precursor, and the proteolytically cleaved forms of VEGFR-3.
DISCUSSION
Although several studies have shown the importance of NP1 for angiogenesis, there is little information concerning the significance of neuropilin receptors for lymphatic vessel development, particularly at the molecular and cellular levels. In this study we analyzed the interaction of neuropilins with lymphangiogenic factors. While VEGF-C itself is sufficient to bind to NP2, the interaction of VEGF-C with NP1 and that of VEGF-D with both neuropilins requires heparin. Although the fully processed form of VEGF-C can bind to NP2, this interaction is greatly enhanced by the aminoterminus. Domain analysis of NP2 revealed that the b1b2 domains are sufficient to bind VEGF-C, but only in the presence of heparin, whereas the addition of the a1a2 domains allows for a heparin-independent interaction. Moreover, we showed that the class III semaphorin SEMA3F competes with VEGF-C for binding to NP1 and NP2, suggesting that the two ligands have overlapping binding sites in these receptors. NP2 was shown to coprecipitate with VEGFR-3, likely indicating a cooperative signaling pathway where NP2 acts as a coreceptor for VEGFR-3 to modulate its lymphangiogenic function. This possibility was further strengthened by analysis of human lymphatic endothelial cells, in which we observed the cointernalization and colocalization of NP2 and VEGFR-3 after stimulation with VEGF-C or VEGF-D. However, VEGF-C-and VEGF-Dinduced signaling was dependent on VEGFR-3 rather than NP2, as demonstrated by receptor localization changes after ligand stimulation of LECs and VEGFR-3 and NP2 expressing PAE cells.
In the vascular system, neuropilins act as receptors for both VEGFs and semaphorins. Deletion of NP1 in mice is embryonic lethal and results in severe neuronal and vascular abnormalities (21, 22) . The vascular defects, which include impaired vascularization of the central and peripheral nervous systems and improper development and organization of the branchial arches and great vessels, were originally believed to be due to the loss of VEGF rather than semaphorin signaling through NP1 (22) . However, disruption of semaphorin signaling may add to these abnormalities as well (43, 44) . Death of NP1 Ϫ/Ϫ embryos occurs prior to formation of the lymphatic vascular system, at the stage when VEGFR-3 is still expressed in and required for development of the blood vascular system. VEGF-C and VEGF-D are angiogenic as well as lymphangiogenic (5, 6) , signaling through VEGFR-2 and VEGFR-3 (7, 8, 45) . The fact that both growth factors bind NP1 may indicate that NP1 modulates the angiogenic function of these ligands.
In contrast, mice deficient for NP2 are viable, exhibiting only mild defects in the nervous and lymphatic vascular systems (12, 23, 24) . The lymphatic defect, which is the absence of small lymphatic capillaries at birth, is normalized during the first postnatal week (12) . This suggests that NP2 is required for lymphaticspecific signals during embryonic development and the early postnatal period. Although it remains to be determined whether semaphorin signaling through NP2 is functionally significant for lymphangiogenesis, our results suggest that the lymphangiogenic potential of NP2 is likely dependent on its ability to bind VEGF-C and VEGF-D and to interact with VEGFR-3.
Heparan sulfate proteoglycans are a constituent of the extracellular matrix and function to sequester heparin binding growth factors, thereby altering ligand availability to receptors and creating ligand concentration gradients. Cell surface heparan sulfates are necessary for the formation of complexes between basic fibroblast growth factor (bFGF) and FGFR, and greatly facilitate the binding of several other growth factors to their cell surface high-affinity receptors (46, 47) . It has also been suggested that heparin greatly enhances the binding of VEGF to VEGFR-2 and to neuropilins (36, 48) . In addition, the b1b2 domains of NP1 directly bind heparin (36) . Our results suggest that interaction with cell surface heparan sulfate proteoglycans is also involved in the binding of VEGF-C and VEGF-D to neuropilins. Although VEGF-C is able to bind NP2 without heparin, addition of heparin slightly enhances this interaction and is even more important for the binding of VEGF-C to NP-1 and of VEGF-D to both neuropilins.
Domain analysis of NP1 and NP2 showed that binding of VEGF-C occurred through the b1b2 domains of both receptors, and these domains alone could interact with the growth factor in the presence of heparin. Addition of the a1a2 domains of NP2 resulted in a heparin-independent interaction. Perhaps the a1a2 domains or heparin are needed for charge interactions with the ligand or for altering receptor conformation so that ligand accessibility and avidity are increased. In the presence of heparin, the MW of NP1 is increased, suggesting that heparin induces multimerization of the receptor (49) . The b1b2 domains of neuropilins are also involved in the binding of class III semaphorins (37) (38) (39) . We found that SEMA3F could compete with VEGF-C for binding to either NP1 or NP2, indicating that these different ligands have overlapping binding sites on both receptors. However, VEGF-C could not compete for SEMA3F binding to NP1 or NP2 (data not shown), suggesting that the affinity of SEMA3F for these receptors is greater than that of VEGF-C.
Upon secretion, the carboxy-terminal propeptide of the VEGF-C precursor is proteolytically cleaved but remains covalently attached to the amino-terminal propeptide (7) . After cleavage of the amino-terminus, both propeptides are released, leaving the mature fully processed VEGF-C peptide. Proteolytic processing controls the receptor affinity and specificity of VEGF-C and VEGF-D in that upon proteolytic cleavage, the affinity of these growth factors toward VEGFR-3 increases and Figure 7 . VEGF-C-induced receptor internalization is VEGFR-3 dependent. A) PAE cells stably expressing human VEGFR-3 were stimulated with control protein or VEGF-C for 30 min then fixed, permeabilized, stained for VEGFR-3 (green), and mounted with DAPI for nuclear staining (light blue). B) A similar assay was performed on PAE cells stably expressing human NP2 and the cells stained with anti-NP2 antibodies (red). C) PAE cells stably expressing human VEGFR-3 and NP2 were stimulated with control protein or VEGF-C, and analyzed as in panels A, and B. White arrows indicate signals from internalized receptors. These experiments were performed at least twice. the fully processed mature forms of VEGF-C and human VEGF-D bind to and also activate VEGFR-2 (7, 8, 45) . The different processed forms of VEGF-C also appeared to vary in their affinity for neuropilins. Although the mature form of VEGF-C binds to NP2, our results suggest that the amino-terminus is required for optimal interaction. These data indicate that neuropilins would preferentially interact with the unprocessed or semiprocessed form of VEGF-C. It is possible that neuropilins are used to sense the secreted immature forms of the ligand. After binding, VEGF-C would undergo further proteolytic cleavage, thereby increasing interactions with VEGFR-2 and VEGFR-3. On the other hand, the different processed forms of VEGF-C may act in a similar manner as the different splice isoforms of VEGF, which bind specific receptors and have unique biological functions (50) . In this case, neuropilins would primarily modulate the response of cells to immature VEGF-C but have little effect on the cellular response to mature VEGF-C.
The mechanism used by NP2 to convey VEGF-C-and VEGF-D-induced signals likely involves the interaction of NP2 with VEGFR-3. Our data from the immunoprecipitation studies suggests that the receptors are capable of interacting. In addition, endogenous receptors colocalized to endocytic vesicles after stimulation of HDMVECs with VEGF-C or VEGF-D, further indicating a close relationship between NP2 and VEGFR-3. We did not observe NP2 endocytosis when cells were stimulated with VEGF 165 , although our results and previous studies have shown that this ligand can bind to NP2 (17) . As VEGF 165 induces the internalization of VEGFR-2 and its subsequent degradation (51) , it is plausible that NP2 would also be internalized if it acts as a coreceptor for VEGFR-2. However, at least in lymphatic endothelial cells, this did not occur and we were unable to observe coprecipitation of NP2 along with VEGFR-2 in both LECs and BECs. If NP2 was significant in such a complex and could modulate VEGFR-2 signaling, the loss of NP2 would likely lead to severe vascular abnormalities during development. Yet the vascular defect in NP2 Ϫ/Ϫ mice is confined to the loss of small lymphatic capillaries and to a reduction of VEGF-induced retinal neovascularization (52); therefore, it seems unlikely that NP2 has a major contribution in VEGF 165 and VEGFR-2 signaling in the vascular system. While NP1 is involved in VEGFR-2 signaling in the blood vascular system, NP2 may be needed primarily for the lymphangiogenic signaling of VEGF-C and VEGF-D through VEGFR-3. Nevertheless, the possibility of complex formation between NP2 and VEGFR-2 or NP1 and VEGFR-3 upon VEGF-C and VEGF-D binding cannot be excluded.
Endocytosis of active receptor ligand complexes can serve a number of purposes in modifying the signal output. Originally, this mechanism was thought to down-regulate signaling, as internalized receptors are often targeted for degradation. However, additional studies have shown that endocytosis of the TGF-␤ receptor complex directs the active receptor to downstream internal signal mediators (53) . More recently it was shown that internal localization of the tyrosine kinase receptors EGFR and PVR is important for maintaining signal polarity, which is necessary for directed cell migration (41) . Given that the primary function of neuropilins is to act as receptors for guidance molecules, it was reasonable to hypothesize that these receptors may serve to modulate VEGF signaling by directing active VEGFRs within the cell. As a read-out of receptor signaling, we visualized receptor internalization. Localization of NP2 expressed alone in PAE cells remain unchanged after stimulation with ligand while VEGFR-3 could be internalized without NP2. Although these results indicated that NP2 is not necessary for the endocytic process, it is possible that neuropilins may function to specifically localize VEGFR signaling or to modify the cellular response by as of yet unknown mechanisms. Indeed, we have observed that the chemotactic response of LECs to full-length VEGF-C was significantly reduced when cells were pretreated with a blocking NP2 Ab, indicating the functional importance of NP2 for lymphatic endothelial cell migration (S. Keskitalo and C. Heckman, unpublished data).
Neuropilins are capable of interacting with a number of different ligands, and we have now shown how both NP1 and NP2 bind the lymphangiogenic ligands VEGF-C and VEGF-D. The ability of NP2 to bind these ligands and interact with VEGFR-3 provides a likely explanation for the lymphatic vascular defect observed in NP2 null mice. Whether neuropilins act purely as accessory receptors seeking out and binding signaling molecules such as semaphorins and VEGFs, or if they have additional roles such as localizing receptor activity or ensuring transduction of particular signals from coreceptors, remains to be determined. However, these data add to the versatility of neuropilins expanding their significance in lymphatic vessel development.
